O ne of the many members of the TNFR (1) family important in the regulation of immune responses is CD40. Engagement of CD40 by its ligand (CD154) on activated T cells initiates signals in B cells that contribute to cell proliferation, differentiation, isotype switching, enhanced Ag presentation, and other events necessary for an efficient humoral immune response (1) . CD40 is also expressed on other APC such as macrophages and dendritic cells, where it contributes to the activation of cell-mediated immunity (2, 3) .
The mechanism of CD40 signal transduction is only partially understood. Like other TNFR family members, CD40 lacks intrinsic enzymatic activity and must therefore recruit cytoplasmic molecules to mediate signal transduction. Many TNFR family members interact with one or more members of a group of adapter molecules known as TNFR-associated factors (TRAF) 4 (4) . Ligand engagement of the receptor results in the rapid recruitment of TRAF molecules from the cytoplasm to the receptor's cytoplasmic domain (5, 6) . Bound to TNFR family proteins, at least some members of the TRAF family mediate the activation of important transcriptional regulators including NF-B and the stress-activated protein kinases. The cytoplasmic domain of CD40 interacts with TRAF1, 2, 3, 5, and 6 (7) . Previous studies indicate that TRAF1 (8 -10), TRAF2 (11) (12) (13) (14) , TRAF5 (15, 16) , and TRAF6 (14, 17) are positive regulators of CD40 signaling, while TRAF3 may be a negative regulator (13, 18) .
In our previous work, we used TRAF2-deficient B cell lines to demonstrate that TRAF2 can contribute to the CD40-mediated activation of JNK (14) . However, the CD40-mediated activation of NF-B and up-regulation of CD80 (B7-1) are largely intact in the absence of TRAF2. Interestingly, a mutant CD40 molecule lacking an intact TRAF6 binding site is able to activate NF-B, JNK, and CD80 up-regulation in cells expressing TRAF2, but not in cells lacking TRAF2 (14) . These results suggest that TRAF2 and TRAF6 have redundant roles in certain CD40 signaling events. TRAF2 and 6 are capable of activating JNK and NF-B when transiently overexpressed in cell lines (11, 19 -21) , supporting the possibility that the two TRAF molecules may have overlapping roles in CD40 signaling. However, in addition to potentially having functional overlap, it is likely that TRAF2 and TRAF6 also have unique responsibilities in CD40 signaling. This idea is supported by previous experiments in which CD40 signaling was examined in cells expressing CD40 mutants incapable of binding TRAF2 and/or TRAF6 (22, 23) . The results of these experiments suggest a unique role for TRAF6 in the production of IL-6 and the differentiation of long-lived plasma cells in mice. Furthermore, we find that the CD40-mediated inhibition of CD95-stimulated apoptosis in B lymphocytes is dependent on TRAF6, but not TRAF2 (24) .
The mechanisms mediating recruitment of TRAF6 to the CD40 signaling apparatus are not entirely clear. Although disruption of the TRAF6 binding site in CD40 does not appear to markedly interfere with the ability of CD40 to activate NF-B (14, 23) , TRAF6-deficient splenocytes display a significant defect in the CD40-mediated activation of this signaling pathway (25) . These contrasting results, along with other recent work indicating that TRAF2 may recruit TRAF6 to CD40 in nonhemopoietic cells (26) , suggest that the direct binding of TRAF6 to the cytoplasmic domain of CD40 may not be the only mechanism by which TRAF6 is recruited to the CD40 signaling pathway.
To more closely examine the roles of TRAF2 and TRAF6 in CD40 signaling and address the possibility that TRAF6 may be recruited to the CD40 signaling pathway by more than one mechanism, we created two mouse B cell lines: one deficient in TRAF6 and a second deficient in both TRAF2 and TRAF6. The TRAF2 and TRAF6 genes were disrupted by homologous recombination with a targeting vector tailored for use in somatic cell lines. This approach allows permanent disruption of target gene expression and avoids the viability problems associated with TRAF2 and TRAF6-deficient mice. Using these cell lines, we demonstrate that TRAF6 is critical to CD40-mediated JNK activation and CD80 up-regulation. Our results also indicate that TRAF2 and TRAF6 have overlapping roles in the CD40-mediated activation of NF-B. Interestingly, we show that TRAF6 mutants lacking the ability to bind to CD40 are able to restore CD40-mediated JNK activation and the up-regulation of CD80 in TRAF6-deficient cells. The two TRAF6 mutants are also able to partially restore CD40-mediated NF-B and JNK activation in cells lacking both TRAF2 and TRAF6. We propose two mechanisms for the recruitment of TRAF6 to CD40 in the absence of a direct interaction. Future work will test these possibilities further and lead to a more comprehensive understanding of the roles of TRAF6 in CD40-activated cells and may lead to new molecular targets for the development of immunotherapeutic drugs.
Materials and Methods

Cell lines
The mouse B cell line A20.2J has been previously described (27) , as have A20.2J cells deficient in TRAF2 (14) . A20.2J mouse B cells deficient in TRAF6 were prepared using a gene targeting system similar to that used to generate TRAF2-deficient cells (14) . Disruption of TRAF6 expression was also conducted in our TRAF2-deficient A20.2J cells to produce cells deficient in both molecules. Cells were grown in RPMI 1640/10% FCS/10 M 2-ME/2 mM L-glutamine and antibiotics. Medium, antibiotics, and L-glutamine were obtained from Invitrogen Life Technologies. FCS was purchased from Atlanta Biologicals. Insect cells (High Five (HI-5); Invitrogen Life Technologies) expressing CD154 were prepared as previously described (28) .
Antibodies
Rat anti-mouse CD40 (1C10 (29) ) and isotype control Abs (EM95, rat IgG2a anti-mouse IgE (30)) were isolated from hybridoma supernatants by precipitation with saturated ammonium sulfate. Abs specific for TRAF2 and TRAF6 were obtained from Medical and Biological Laboratories. Abs specific for phosphorylated JNK (phospho-Thr 183 /Tyr 185 ), IB␣, phosphorylated IB␣ (phospho-Ser 32 ), phosphorylated IB kinase (IKK) ␣␤, IKK␣, and anti-p52 Abs were purchased from Cell Signaling Technology. Anti-JNK, anti-YY1, anti-IKK␤, and anti-RelB Abs were obtained from Santa Cruz Biotechnology. Anti-actin Ab was purchased from Chemicon International. FITC-labeled anti-mouse B7-1 (CD80) and isotype control Abs were obtained from BD Biosciences. HRP-labeled rabbit anti-chicken IgY, goat anti-rabbit IgG, and goat anti-mouse IgG were purchased from Jackson ImmunoResearch Laboratories.
DNA constructs
The generation of TRAF6-deficient cells was accomplished using a homologous recombination approach we described previously (14) . We modified our basic targeting vector, pPNTV2, with a short synthetic doublestranded oligonucleotide to provide a more useful multiple cloning site for insertion of 3Ј targeting flanks. Segments of genomic DNA encoding portions of TRAF6 were amplified by PCR using genomic DNA from the mouse B cell line CH12.LX (32) as a template. The design of oligonucleotide primers for TRAF6 genomic sequences were based on GenBank sequences NT 039209 and NM 009424. Restriction endonuclease sites incorporated into the oligonucleotide primers were used for insertion of the PCR products into the targeting vector (see Fig. 1 ). Two different 5Ј flank inserts were generated for use in the construction of two TRAF6 targeting vectors (pT6delA and pT6delB). The oligonucleotide primers used to generate the shorter (3 kb) 5Ј flank were 5Ј-aaacccggggacagaaagttcgttcatgc-3Ј and 5Ј-atacccgggtcacgctgtcatctttcactg-3Ј. The longer (5.7 kb) 5Ј flank was generated with 5Ј-tatcccgggatcgcctgctgggttttc-3Ј and 5Ј-atacccgggtcacgct gtcatctttcactg-3Ј. The oligonucleotides used to generate the 3Ј flanking sequence used in both TRAF6 targeting vectors were 5Ј-aacaccggt gtccacatggaaaccagc-3Ј, and 5Ј-aacaccggtgacaaagcctgcatcatcaaatc-3Ј. The expression vector pOPRSV5.neo was used for the stable transfection of cells with TRAF molecules. This vector was constructed by replacing the Rous sarcoma virus (RSV) promoter and multiple cloning site in pRSV.5(neo) (31) with the isopropyl-␤-D-thiogalactopyranoside (IPTG)-inducible RSV promoter and multiple cloning site from pOPRSVmcs1.neo (33) . Expression from pOPRSV5.neo is therefore IPTG inducible in cells constitutively expressing Lac repressor protein. Cell lines in which this type of regulation was desired were stably transfected with p3SS (encoding the repressor protein; Stratagene) before transfection with IPTG-inducible expression constructs. Full-length mouse TRAF6 was PCR amplified from CH12.LX cDNA and ligated into the multiple cloning site of pOPRSV5.neo. Similar DNA constructs encoding TRAF6⌬TRAF (a TRAF6 mutant lacking residues 357-530) and FIGURE 1. TRAF6 targeting vectors. Two TRAF6 targeting vectors were prepared, pT6delA and pT6delB. The two 5Ј flanks (A and B) and the common 3Ј flank are referenced to a map of the TRAF6 locus. The construct containing the shorter 5Ј flank was used in targeting the first copy of the TRAF6 gene in TRAF2-deficient A20.2J cells. The targeting vector containing the longer flank was used in targeting the second copy, and both copies of the TRAF6 gene in TRAF2-sufficient A20.2J cells. The approximate binding sites for the PCR oligonucleotide primers used in screening for homologous recombination are shown (F and R). Positions of loxP recombination sequences (lox), the promoterless neomycin resistance cassette (Neo), a SV40 polyadenylation sequence (SV40pA), and a diphtheria toxin A subunit (DTA) cassette including a RSV promoter and bovine growth hormone polyadenylation sequence (BGHpA) are shown. The backbone of the vector (pUC19) is omitted for clarity.
TRAF6T471A (threonine at position 471 changed to alanine) were prepared by PCR-directed mutagenesis.
Transfections
Stable transfection of A20.2J cell lines with targeting and TRAF6 expression vectors was accomplished by electroporation as described elsewhere (14) . Cells transfected with targeting vectors were grown in medium containing 400 g/ml G418 (Invitrogen Life Technologies). Homologous recombination in G418-resistant clones was detected by PCR of genomic DNA as previously described (14) . The primers used for screening were 5Ј-gagttagtagcctgaaccgtc-3Ј (homologous to genomic sequence; approximate position noted in Fig. 1 ) and 5Ј-atggctgaacaagatggattg-3Ј (homologous to sequence in the neomycin resistance cassette in the targeting vector). Cells stably transfected with p3SS were selected in 200 g/ml hygromycin B (Invitrogen Life Technologies).
NF-B reporter assays
Assays for NF-B activity were performed as previously described (34), with minor modifications. In each assay, 1.5 ϫ 10 7 cells suspended in 400
l of RPMI 1640/1.54 mg/ml glutathione were transfected with 10 g of NF-B-luciferase reporter plasmid (34) and 1 g of pRL-null (Renilla luciferase expression vector; Promega). Transfections were accomplished by electroporation (one 30-ms pulse at 225 V, GenePulser Xcell; Bio-Rad).
Immediately following transfection, cells were diluted to ϳ1 ϫ 10 6 /ml and stimulated with 5 g/ml EM95 or 1C10 mAb. Cells were incubated for 6 h and then assayed for NF-B reporter activity using a dual luciferase assay (Promega) per the manufacturer's instructions. All samples were assayed in duplicate and normalized to the Renilla luciferase signal.
RelB and p52 assays
Cells (1 ϫ 10 6 /2 ml culture) were incubated overnight with no stimulus, HI-5 insect cells, or HI-5 insect cells expressing CD154 (1 insect cell per 10 B cells). Nuclear extracts were prepared as described elsewhere (35) and fractionated by SDS-PAGE. RelB and p52 were assayed by Western blot. RelB and p52 bands were quantitated with a low-light imaging system (LAS-3000, Fujifilm). Blots were then stripped and reprobed for the nuclear protein YY1, which served as a lane-loading control. The stimulation index (see Fig. 3 ) was calculated by first normalizing the RelB and p52 
Western blots
Western blots were performed as previously described (14) . For detection of phosphorylated signaling proteins, 1 ϫ 10 7 cells were stimulated with 5 g/ml anti-CD40, isotype control Ab, or 10 g/ml LPS and incubated at 37°C for various times. In some experiments, insect cells expressing CD154 were used instead of anti-CD40 (see above). Following stimulation, cells were chilled 2 min. on ice and then pelleted by centrifugation. Cell pellets were dissolved in 2ϫ SDS-PAGE loading buffer and sonicated. Total cell lysates (1 ϫ 10 5 cell equivalents/lane) were fractionated by SDS-PAGE and blotted to polyvinylidene difluoride membranes. After blotting with the appropriate Abs, chemiluminescent detection (Pierce Biotechnology) was used for the visualization of bands. Images of blots were recorded with a low-light imaging system and on x-ray film.
Immunoprecipitations
CD40 and its associated signaling proteins are recruited to detergent-insoluble membrane microdomains in activated cells (36) . We modified standard immunoprecipitation protocols to allow recovery of the CD40 signaling complex from these insoluble complexes. Protein G-coated paramagnetic beads (Dynal) were loaded with Abs according to manufacturer's protocols. Anti-mouse CD40 (1C10) binds poorly to protein G (B. S. Hostager, unpublished observation); therefore, to use this Ab in immunoprecipitations, the beads were first coated with goat anti-rat IgG (Jackson ImmunoResearch Laboratories). After coating, excess Ab was washed away and beads were resuspended to their original volume in cell culture medium. Cells were incubated in 0.5-1.0 ml of culture medium with anti-CD40-coated beads for 10 min at 37°C. Ten microliters of protein G beads was used per 3 ϫ 10 7 cells. Following incubation, beads and cells were pelleted by centrifugation (2 min at 400 ϫ g) and the medium was discarded. Cells were lysed in 400 l of ice-cold 0.5% Triton X-100, 100 mM NaCl, and 40 mM Tris (pH 7.5; basic lysis buffer) supplemented immediately before use with 1 mM CaCl 2 , 1 mM MgSO 4 , 50 g/ml DNase I (grade II; Roche), and MiniComplete protease inhibitor (EDTA free; Roche). Lysates were incubated on ice for 15 min, after which the beads were isolated using a magnet. Beads were washed several times with icecold, supplemented lysis buffer to remove nonspecifically bound material (including most insoluble cellular components, such as nuclei). Two final washes were performed with unsupplemented basic lysis buffer. Magnetic separation was used throughout the washes to recover the beads. Beadbound proteins were eluted using standard SDS-PAGE sample loading buffer and heat denaturation (5 min at 95°C).
CD80 up-regulation and flow cytometry
Cells (5 ϫ 10 4 ) were stimulated for 3 days in 2 ml of culture medium with 5 g/ml anti-CD40 or an isotype control Ab. Cells were stained for flow cytometry with FITC-anti-CD80 or an appropriate control as previously described (28) . All flow cytometry was performed with a FACScan flow cytometer (BD Biosciences). Data were analyzed with WinMDI 2.8 (Scripps Research Institute, San Diego, CA).
Results
Targeted disruption of the TRAF6 gene in A20.2J and TRAF2-deficient A20.2J cells
To identify the unique and overlapping roles of TRAF2 and TRAF6 in CD40 signaling, we created TRAF6 Ϫ/Ϫ and TRAF2
Ϫ/Ϫ mouse B cell lines. Generation of these cell lines was accomplished using a gene targeting system adapted for the disruption of genes in somatic cell lines (14) . The TRAF6 targeting vector is diagramed in Fig. 1 . The vector was designed so that homologous recombination of the vector results in the insertion of a promoterless neomycin resistance cassette in exon 3 (following aa 36) of the TRAF6 gene. With correct placement of the targeting vector in the genome, the TRAF6 promoter drives expression of the neomycin resistance gene. Following selection and identification of clones in which proper homologous recombination had taken place, cells were transiently transfected with a Cre expression plasmid. Cre recombinase mediated the removal of the loxP-flanked neomycin phosphotransferase gene, leaving a SV40 polyadenylation sequence in place to maintain gene disruption. Removal of the antibiotic resistance gene allowed us to reuse the targeting vector to disrupt the second copy of the TRAF6 gene. After the disruption of the second copy of TRAF6, TRAF6 protein expression was examined by Western blots of whole-cell lysates. Using an Ab specific for the amino terminus of TRAF6, no TRAF6 or TRAF6 fragments were detected in the lysates following gene targeting ( Fig. 2A) . A second anti-TRAF6 Ab specific for a carboxyl-terminal epitope in TRAF6 confirmed this observation (data not shown). A20.2J, TRAF6-deficient A20.2J and TRAF2
Ϫ/Ϫ /TRAF6 Ϫ/Ϫ cell lines express similar levels of CD40, as determined by flow cytometry (data not shown).
TRAF2 and TRAF6 in CD40 signaling
Based on previous work, we hypothesized that a deficiency in TRAF6 expression would result in partial defects in CD40-mediated NF-B and JNK activation, and that cells deficient in both TRAF2 and TRAF6 would display a more complete disruption in CD40 signaling. TRAF6-deficient A20.2J cells revealed that CD40 signaling is heavily dependent on TRAF6. TRAF6-deficient A20.2J cells had a profound disruption in CD40-mediated JNK activation as determined by phosphorylation of JNK (Fig. 2B ), but only a minor defect in CD40-mediated canonical NF-B activation as determined by phosphorylation and degradation of IB␣. The activation of NF-B was also assessed using a transcriptional reporter assay. We found that basal reporter activity in the TRAF6-deficient cells was ϳ10% of that observed in the parental cell line (Fig. 2C) . This difference in basal activity is likely due to the activation of TRAF6-dependent TLR by the bacterial DNA used in the assay. However, when the data were corrected for the differences in background, TRAF6-deficient cells displayed no defect in CD40-mediated NF-B activation (Fig. 2D) . Although the CD40-mediated activation of NF-B appears relatively intact in TRAF6-deficient cells, cells deficient in both TRAF2 and TRAF6 displayed no detectable CD40-mediated IB␣ phosphorylation or degradation (Fig. 2E) . Consistent with these observations, the CD40-stimulated phosphorylation of the IKK complex was evident in TRAF2-deficient cells and TRAF6-deficient cells, but was abolished in cells deficient in both TRAF2 and TRAF6. Although the Ab used for detection of phosphorylated IKK subunits appeared to primarily detect the phosphorylated IKK␤ subunit, both IKK␣ and IKK␤ exhibited small molecular weight shifts (consistent with activation) in both TRAF2-deficient and TRAF6-deficient cells (Fig. 2E) . The CD40-mediated activation of the noncanonical NF-B signaling pathway (NF-kB2 pathway) appeared partially defective in TRAF6-deficient cells (Fig. 3) . In three experiments, the CD40-stimulated movement of p52 and RelB into the nucleus was 2-to 4-fold over background for A20.2J and TRAF2-deficient cells and consistently less in TRAF6-deficient cells. However, the apparent defect in the TRAF6-deficient cells was not statistically significant.
TRAF6 structural requirements for CD80 up-regulation and JNK activation
CD40-mediated signaling contributes to changes in the expression of various genes in B cells. For example, CD40 engagement results in the up-regulation of the T cell costimulatory molecule CD80 (37) . This response is readily detected in A20.2J cells activated with anti-CD40 or CD40 ligand. A modified version of CD40, CD40⌬TRAF6, in which the TRAF6 binding site is mutated (DPQEME 3 DGQAME), is unable to bind TRAF6. Expressed as a transgene in mouse B cells, CD40⌬TRAF6 remains able to activate NF-B, JNK, and mediate the up-regulation of CD80 (23) . We obtained similar results in mouse B cell lines (14) . These results, as well as our observation that the signaling of CD40⌬TRAF6 is defective when expressed in TRAF2-deficient cells (14) , led us to conclude that CD40-mediated CD80 up-regulation could be mediated by either TRAF2 or TRAF6. We therefore expected that this aspect of CD40 signaling would be relatively undisturbed in TRAF6-deficient cells. However, TRAF6-deficient A20 cells displayed a marked deficiency in CD40-mediated CD80 up-regulation (Fig. 4A) . This result, along with the previous CD40⌬TRAF6 experiments provides evidence for the hypothesis that although TRAF6 is critical for CD40 signaling, a direct interaction between TRAF6 and CD40 may not always be required (38) . To further test this hypothesis, we prepared two IPTG-inducible TRAF6 expression constructs containing mutations predicted to disrupt CD40 binding. In the first mutant, TRAF6⌬TRAF, we deleted the entire CD40-binding domain (TRAF-C domain, residues 359 -530) (17, 39) . The second mutant, TRAF6T471A, contains a point mutation in the TRAF-C domain previously shown to disrupt the interaction of TRAF6 with the cytoplasmic domain of CD40 (39) . TRAF6-deficient cells were stably transfected with IPTG-inducible expression constructs encoding the mutants or wild-type TRAF6 (Fig. 4, A and B) . The two TRAF6 mutants were able to restore CD40-mediated CD80 upregulation in TRAF6-deficient cells (Fig. 4A) . The mutant TRAF6 proteins also restored CD40-mediated JNK activation, even in cells expressing lower (uninduced) levels of the recombinant molecules (Fig. 4C) . Signaling was enhanced somewhat in cells expressing higher (IPTG-induced) levels of the TRAF6 mutants, confirming that the signal restoration was dependent on expression of the recombinant TRAF6 molecules.
The ability of the TRAF6 mutants to reconstitute CD40 signaling suggests that these molecules retain the ability to bind the cytoplasmic domain of CD40. To test this hypothesis, we used anti-CD40-coated magnetic particles for cell stimulation and immunoprecipitation of CD40. As expected, wild-type TRAF6 and TRAF2 coimmunoprecipitated with CD40. However, coprecipitation of the mutant TRAF6 molecules with CD40 was not detected (Fig. 4D) .
In addition to CD40, several other immunoregulatory receptors, including TLR4 (a pattern recognition receptor capable of detecting bacterial LPS), utilize TRAF6 in signal propagation (40) . TRAF6 does not bind directly to TLR family members, but instead is recruited to TLR signaling pathways through adapter molecules, including MyD88 and IL-1R-associated kinase (41) . To address the possibility that CD40 may use the same adapters to recruit TRAF6, we examined the function of our two TRAF6 mutants in LPS-stimulated TRAF6-deficient cells. As expected, LPS-mediated activation of TRAF6-deficient A20 cells was defective (Fig.  5) . In TRAF6-deficient cells stimulated with LPS, the activation of NF-B was delayed and the activation of JNK activation was not detected. Interestingly, the TRAF6 mutants did not restore LPSstimulated activation in TRAF6-deficient cells (Fig. 5, B and C) , indicating that the adapter molecules that mediate TRAF6 recruitment to LPS signaling pathways are unlikely to mediate recruitment of our TRAF6 mutants to CD40.
Role of TRAF2/6 interactions in CD40-mediated NF-B activation
The critical role of TRAF6 in CD40 signaling and our previous observation that CD40⌬TRAF6 signaling is TRAF2 dependent suggest the possibility that TRAF2 may serve to link TRAF6 to the CD40 signaling pathway. Other recent work in nonhemopoietic cells also supports the possibility that TRAF2 can participate in the recruitment of TRAF6 to the CD40 signaling pathway (26) . Potentially, TRAF2 and TRAF6 interact in a manner allowing TRAF2 to mediate recruitment of both TRAF molecules to the cytoplasmic domain of CD40. To test this idea, we generated TRAF2/TRAF6-deficient cells expressing TRAF6⌬TRAF, TRAF6T471A, or wild-type TRAF6. As expected, wild-type TRAF6 restores the CD40-mediated activation of JNK and NF-B in TRAF2/TRAF6-deficient cells (data not shown). The two TRAF6 mutants also restored CD40-mediated JNK and NF-B activation, indicating that the TRAF6 mutants can be recruited to the CD40 signaling pathway by a mechanism that is independent of TRAF2 (Fig. 6) . TRAF6T471A appeared to be somewhat less efficient than TRAF6⌬TRAF in the restoration of signaling. This suggests that although TRAF2 is not absolutely required for the participation of TRAF6 in CD40 signaling, TRAF2 may nevertheless enhance TRAF6 recruitment.
Discussion
Members of the TRAF family are similar in overall structure, yet each also has unique features. Many members of the TNFR family interact with multiple TRAF family members and presumably different combinations of TRAF molecules contribute to the ability of each receptor to deliver unique signals. However, it is also possible that certain TRAF molecules have similar or redundant functions to ensure that infectious agents do not easily compromise important signaling events. In the context of CD40 signaling, previous studies suggest that TRAF2 and TRAF6 may have certain overlapping activities. Both TRAF2 and 6 are capable of activating JNK and NF-B when transiently overexpressed in cell lines (11, 19 -21) . Our previous results indicate that TRAF2 and TRAF6 can both contribute to the CD40-mediated activation of NF-B and JNK in B cell lines (14) . In addition, both appear to have activity as E3 ubiquitin ligases (42) . The ubiquitin ligase activity of the two TRAF proteins may be important in signal propagation but, at least in the case of TRAF2, may also contribute to negative regulation of signaling (42) (43) (44) (45) .
Our new results help to further define the unique and overlapping roles of TRAF2 and TRAF6 in CD40 signaling. We demonstrate that in the A20.2J B cell line, TRAF6 is required for CD40-mediated JNK activation and CD80 up-regulation. Although TRAF2 appears to augment the activation of JNK and CD80 expression in cells that express TRAF6 (14), we now demonstrate that TRAF2 has little or no ability to mediate these activities in the absence of TRAF6. In contrast, the CD40-mediated activation of NF-B (both the canonical and noncanonical pathways) can be mediated by either TRAF2 or TRAF6. Previously, TRAF6-deficient splenocytes were shown to have a marked decrease in CD40-mediated NF-B activation, arguing against a functional overlap between TRAF2 and TRAF6 (25) . However, these assays were performed using unfractionated spleen cells. Another group has demonstrated that TRAF6-deficient mice have a substantial deficiency in B cell numbers (46) , potentially accounting for the discrepancy between our data and that obtained with unfractionated splenocytes. Whether TRAF2 and TRAF6 are capable of activating NF-B through the same mechanism remains to be demonstrated.
Although the TRAF domain of TRAF6 is required for the LPStriggered activation of NF-B and JNK in A20 cells, the TRAF domain is not required for the CD40-mediated activation of these signals. Our findings are consistent with the results of previous experiments in which the contribution of TRAF6 to CD40 signaling was explored using CD40 mutants unable to bind TRAF6 (22, 23) . Although these CD40 mutants are defective in their ability to drive the development of long-lived plasma cells (23) and the production of IL-6 (22), they remain able to stimulate JNK and NF-B activation. Together with the results presented here, the experiments with the CD40 mutants suggest that although TRAF6-dependent signals are critical to CD40 signaling, only a subset of these signals require the direct binding of TRAF6 to the cytoplasmic domain of CD40.
The mechanism allowing TRAF6 to participate in CD40 signaling in the absence of demonstrable CD40 binding is currently under investigation. TRAF2 has been reported to have the ability to recruit or activate TRAF6 in cells stimulated through CD40 (20, 26) . Although this remains possible, the activities of our two TRAF6 mutants in TRAF2/TRAF6-deficient cells indicate that an additional mechanism may exist. Potentially, the coiled-coil domain of TRAF6 is able to mediate binding to coiled-coil domains in other TRAF molecules present in the CD40 signaling complex (Fig. 7) . Interactions of TRAF molecules through TRAF domains (containing the coiled-coil motifs) have been previously demonstrated (47) (48) (49) . The relatively weak restoration of signaling by TRAF6T471A in TRAF2/TRAF6-deficient cells suggests that TRAF2 may be the most efficient at recruiting TRAF6, but that other CD40-binding TRAF molecules may have the ability as well.
If TRAF6 is recruited to CD40 by binding to other proteins in the receptor complex, the interaction is not sufficiently strong to survive conditions used in our immunoprecipitation experiments. Alternatively, TRAF6 may participate in a part of the CD40 signaling mechanism physically removed from the receptor. TRAF6 appears to participate in TLR signaling through such a mechanism, where TRAF6 binds to receptor-activated IL-1R-associated kinase family proteins (41) . However, as we demonstrated in LPS-stimulated cells, this mechanism requires the intact TRAF-C domain of TRAF6 and is therefore unlikely to be the mechanism by which TRAF6 participates in CD40 signaling. We propose that another (currently uncharacterized) modulator of TRAF6 activity is engaged by the CD40 signaling complex (Fig. 7) .
The role of TRAF domain-independent recruitment of TRAF6 to the CD40 signaling pathway remains to be determined. The binding of TRAF6 to the cytoplasmic domain of CD40 appears to be considerably weaker than that of TRAF2 or TRAF3 (50) . An alternate recruitment mechanism may help to ensure that TRAF6 is rapidly recruited to the CD40 signaling pathway even if the cytoplasmic domain of CD40 is already occupied with other TRAF proteins. In TRAF6-deficient cells reconstituted with TRAF6⌬TRAF or TRAF6T471A, JNK activation appears to follow the same time course as in cells expressing wild-type TRAF6. This suggests the possibility that the alternate recruitment mechanism is normally responsible for the very early TRAF6-dependent signaling events.
Experimental drugs designed to interrupt the binding of CD40 to its ligand (CD154) have shown promise in the treatment of immune-mediated disease (51) (52) (53) . Drugs designed to disrupt the binding of the TRAF domain of TRAF6 to the cytoplasmic domain of CD40 may also have potential as therapeutic agents (39, 54) . However, our results indicate the existence of another functional interaction between CD40 and TRAF6 that does not involve the TRAF domain of TRAF6. Inhibitors targeting this novel interaction may allow the suppression of important CD40-mediated signals without disabling signaling by other TRAF6-dependent receptors important in innate immunity, such as TLR4. Further characterization of the mechanisms by which TRAF molecules mediate signaling in immune cells will facilitate the development of small molecule therapeutics for the treatment of immune-mediated disorders.
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FIGURE 7.
Possible mechanisms of TRAF6-mediated CD40 signaling. Aggregation of CD40 by ligand or anti-CD40 Ab results in the recruitment of several TRAF proteins, including TRAF2, TRAF3, TRAF5, and TRAF6 to the cytoplasmic domain of CD40. Certain signals (including those required for the differentiation of long-lived plasma cells and IL-6 production) are mediated by the direct association of TRAF6 with CD40 (shown in A). However, TRAF6 is able to mediate some CD40 signaling events, such as the activation of NF-B and JNK, even if TRAF6 is prevented from directly interacting with CD40. TRAF proteins or other molecules associated with CD40 may be capable of recruiting TRAF6 to CD40 through a mechanism independent of the TRAF domain of TRAF6 (B). Alternatively, the CD40 signaling complex may modulate the activity of a TRAF6-regulatory protein mediating the activation of TRAF6 without the physical recruitment of TRAF6 to the CD40 signaling complex (C).
